In this paper, we propose a modeling equipment that obtains every equilibrium point of a magnetic levitation system automatically. To obtain every equilibrium point, we develop an automatic modeling equipment that measures the magnetic force exerted on the levitation object, the coil current of electromagnet, and the distance between the levitation object and the electromagnet. The modeling equipment is composed of two parts : the load cell equipment and the control board. The load cell equipment measures the magnetic force by a load cell and maintains certain position between the levitation object and electromagnet. The control board controls the voltage applied to the electromagnet and the position of load cell, and measures magnetic force, distance between the levitation object and electromagnet, and the coil current of electromagnet. An automatic algorithm for making a 2D lookup table from the experimentally measured data is proposed. Because a 2D lookup table reflects every equilibrium point, it is valid for various mass of levitation objects and the controller can be designed using the 2D lookup table without any further experiment.
INTRODUCTION
Magnetic levitation systems have practical importance in many engineering systems such as high-speed maglev passenger trains, frictionless bearings, levitation of wind tunnel models, etc [1] [2] [3] [4] [5] . They have been also used for educational purpose in teaching students on the concept of feedback control. Thus a lot of studies have been conducted for the control of magnetic levitation systems. In order to handle nonlinear characteristics of the systems, various nonlinear control techniques such as sliding mode control, feedback linearization, and backstepping have been applied [4, 6, 7] .
In case of applying model-based control, accurate system modeling needs to precede designing a controller. In particular, the magnetic force exerted on the levitation object should be carefully characterized for good control of magnetic levitation systems. Since the magnetic levitation system is composed of a electromagnet and a levitated object, accurate magnetic force model between a electromagnet and a levitated object is needed to obtain robust controller. Magnetic control force exerted on the levitation object is a function of the coil current and the displacement between the levitation object and the electromagnet. But the analytic equiation of magnetic force is impractical for designing conroller, because of its complexity and nonlinearity [7, 11] . So existing research assumes some polynomial fuction and model the magnetic force in the interested position with a fixed levitation object. The effect of the coil current on the magnetic control force exerted on the levitation object at a certain position differs depending on the substance of the levitation object. If the levitation object is a ferromagnetic ball, the magnetic force is proportional to the square of the coil current [7] [8] [9] . If the levitation object is a permanent magnet, the magnetic force is proportional to the coil current [10] . In [6] , where the levitation object is a permanent magnet, it is assumed that the magnetic force is proportional to the voltage applied to the electromagnet.
The previous approach works only around a certain mass of the levitation object. That is because the experimental data used for the calibration of the polynomial function is obtained with respect to a levitation object of specific mass. Furthermore, the experiment takes a lot of time because it requires repetitive actions and continuous human attention to catch the values needed for calibration. To solve these problems, in this paper, we propose an automatic modeling equipment that obtains every equilibrium point of magnetic levitation system automatically. Fig . 1 shows a schematic diagram of the magnetic levitation system used in the experiment. The levitation object is a cylindrical plastic block with a strong magnet. An infrared(IR) emitter and phototransistors are used to mesure the position of the levitation object. Using the fundamental principle of dynamics, the dynamic equa-978-89-93215-02-1 98560/10/$15 ©ICROStion of the magnetic levitation system is given bÿ
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where m is the mass of the levitation object, x is the displacement from the top of the levitation object to the bottom of the electromagnet. g is the gravitational constant, and F is the magnetic force exerted on the levitation object by the electromagnet. To complete the magnetic levitation model, the magnetic force model is needed. But analytical expression of the magnetic force is very complex for the lab-built experimental apparatus. Most existing studies assume that the magnetic force model is the function of the position of the levitation object and the electrical value (voltage or current). And they find the coefficients of the function through experiments. The function of magnetic force model could be expressed as follows:
The experiment performed to find the coefficients consists of determining the minimum voltage (or current) to pick up the levitation object of mass m at various positions. The data are then least-squares fitted to determine the order and the coefficients of the polynomial function. However, the model obtained through existing methods is valid only when the actual mass of the levitation object is near the value used in the calibration experiment. We develop an automatic modeling equipment to obtain every equilibrium point which covers wide range of mass. Fig. 2 shows the conceptual diagram for modeling equipment. The modeling equipment is composed of two parts : the load cell equipment and the control board. The load cell equipment has a load cell that measures magnetic force and maintains certain position between the levitation object and electromagnet. The control board controls applied voltage to the electromagnet and position of load cell. And it measures magnetic force, the coil current of electromagnet, and distance between the levitation object and electromagnet. is an electronic transducer that is used to convert a force into a measurable electrical output. The load cell used in this paper has the measurement range of 3 Kg.
MODELING ALGORITHM
In this section, we will propose the data acquisition algorithm using modeling equipment and the automatic algorithm for making a 2D lookup table. The 2D lookup table is constructed from the experimentally measured data. The process time of constructing a 2D lookup table depends on the range of displacement and voltage. But we could say it takes in 20 minutes, it is far faster than manual method.
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Data Acquisition Algorithm
The input of data acquisition algorithm is a range of table and variation as follows:
And the output is the input voltage, the distance between the levitation object and the electromagnet, the coil current, and the magnetic force. The data acquisition algorithm is as follows:
Step 1. Offset adjustment of loadcell and current sensor. It is needed to adjust offsets of loadcell and current sensor output. We adjust offsets by canceling out the average of sensor output.
Step 2. Initializing position with an encoder. The position of levitated object is measured by encoder. But the encoder gives only relative position. Thus it is needed to initialize the position of levitated object by using phototransistors. We move the levitated object to the area where we could know absolute position by phototransistors, and initialize the position.
Step 3. Data acquisition. There are two ways to acquire the sensor data. One is that we gather data with constant voltage and varying postion. The other is opposite method which gather data with constant position and varying voltage. We aquire data with both methods to complement each other (1) Constant voltage, varying position begin Step 1 and Step 2 spend about 45 second, and Step 3 spends about 1100 second.
Lookup Table Construction Algorithm
The 2D lookup table of magnetic force model has two input and one output. The two input is position of lev- Fig. 4 The data acquisition results itated object and magnetic force. And the output is the applied voltage or current of electromagnet. To make a such 2D lookup table, we set position grid and force grid, and calculate the voltage(current) value of cross point of the grid. The 2D lookup table construction algorithm is as follows:
Step 1. Sorting data. Fig. 5 is the sorted data of the Fig. 4 . Fig. 5(a) is a constant voltage data using 45∼660 seconde of the Fig. 4 , and Fig. 5(b) is a constant position data using 660∼1100 seconde of the Fig. 4 .
Step 2. Filtering data. Fig. 6 is the filtered data of the Fig. 5 . The noise in sensor output was removed by noncausal filter.
Step 3. Constructing a 2D lookup table. Fig. 7 is the 2D lookup table using Fig. 6 . We set the force grid interval as 0.05 [N] , and the position grid interval as 0.5 [mm] . In order to calculate the voltage(current) value of cross point of the grid, We interpolate the voltage(current) value for the force and position axis. Fig.  7(a) is the voltage lookup table, and Fig. 7(b) is the current lookup table. These two lookup table show the same pattern and constant multiple relation. 
EXPERIMENT RESULTS
We design a sliding mode controller for magnetic levitation system to verify our 2D lookup table model. And we also compare the experiment results with those of a controller adopting a conventional model. Let us define the position reference to be x d . Then, the tracking error is given by
Choose the sliding surface as follows:
where c 1 > 0 and c 2 > 0 are design parameters. The foce F which satisfies the attraction condition of the S(t)Ṡ(t) = −η|S(t)| < 0 is as follows:
where η is a design parameter and m c is the mass of the object that the controller intends to levitate. The magnetic force F like Eq. (7) can be exerted by voltage throught magnetic force model. The conventional magnetic force model is represented as follows:
Thus the control input adopting conventional model is as follows:
(S(t)) . (9)
The control input Eq. (9) is valid only near the mass of m c . However, 2D lookup table model is represented as V = Λ(F, x), and the control input is as follows:
The control input Eq. (10) can be valid for wide range of mass by adjusting m c . But the Eq. (9) is limited by mass variation, because it has fixed polynomial a(x) obtained from the certain mass of m c . There could be chattering problem in the Eq. (9) and Eq. (10) . In order to alleviate the chattering problem inherent in sliding mode control, sign(S(t)) function can be replaced by sat(S(t)) defined as follows:
where φ > 0 is a design parameter.
In order to compare the experiments results with the conventional model, the polynomial a(x) is obtained through calibration experiment using the object with m = 90[g]. a(x) is obtained as follows: 
CONCLUSIONS
In this paper, we have proposed a modeling equipment for a magnetic levitation system and an automatic algorithm for making the 2D lookup table from the experimentally measured data. The modeling equipment measures the magnetic force exerted on the levitation object, the coil current of electromagnet, and the distance between the levitation object and the electromagnet. The 2D lookup table is constructed from the experiment data gathered using the proposed modeling equipment. Because the 2D lookup table reflects every equilibrium point, it is valid for levitation objects with wide range of mass and the controllers can be designed using 2D lookup table without any further experiment. We 978-89-93215-02-1 98560/10/$15 ©ICROS have designed a sliding mode controller to verify our 2D lookup table model. The controller based on the proposed model has turned out to be more robust against to mass uncertainty than the controller adopting conventional model. It is noted that the modeling equipment developed in this paper can be applied to systems with time-varying mass like magnetic levitation trains.
